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PREFACE 



RF Circuit Design is written for those who desire a practical approach to the 
design of rf amplifiers, impedance matching networks, and filters. It is totally 
user oriented. If you are an individual who has little rf circuit design experience, 
you can use this book as a catalog of circuits, using component values designed 
for your application. On the other hand, if you are interested in the theory behind 
the rf circuitry being designed, you can use the more detailed information that 
is provided for in-depth study. 

An expert in the rf circuit design field will find this book to be an excellent 
reference manual, containing most of the commonly used circuit-design formulas 
that are needed. However, an electrical engineering student will find this book to 
be a valuable bridge between classroom studies and the real world. And, finally, 
if you are an experimenter or ham, who is interested in designing your own 
equipment, RF Circuit Design will provide numerous examples to guide you 
every step of the way. 

Chapter 1 begins with some basics about components and how they behave 
at rf frequencies; how capacitors become inductors, inductors become capacitors, 
and wires become inductors, capacitors, and resistors. Toroids are introduced and 
toroidal inductor design is covered in detail. 

Chapter 2 presents a review of resonant circuits and their properties including 
a discussion of Q, passband ripple, bandwidth, and coupling. You learn how to 
design single and multiresonator circuits, at the loaded Q you desire. An under- 
standing of resonant circuits naturally leads to filters and their design. So, Chapter 
3 presents complete design procedures for multiple-pole Butterworth, Chebyshev. 
and Bessel filters including low-pass, high-pass, bandpass, and bandstop designs. 
Within minutes after reading Chapter 3, you will be able to design multiple- 
pole filters to meet your specifications. Filter design was never easier. 

Next, Chapter 4 covers impedance matching of both real and complex im- 
pendances. This is done both numerically and with the aid of the Smith Chart. 
Mathematics are kept to a bare minimum. Both high-Q and low-Q matching 
networks are covered in depth. 

Transistor behavior at rf frequencies is discussed in Chapter 5. Input im- 
pedance. output impedance, feedback capacitance, and their variation over fre- 
quency are outlined. Transistor data sheets are explained in detail, and Y and S 
parameters are introduced. 

Chapter 6 details complete cookbook design procedures for rf small-signal 
amplifiers, using both Y and S parameters. Transistor biasing, stability, impedance 
matching, and neutralization techniques are covered in detail, complete with 
practical examples. Constant-gain circles and stability circles, as plotted on a 
Smith Chart, are introduced while rf amplifier design procedures for minimum 
noise figure are also explained. 




The subject of Chapter 7 is rf power amplifiers. This chapter describes the 
differences between small- and large-signal amplifiers, and provides step-by-step 
procedures for designing the latter. Design sections that discuss coaxial-feedline 
impedance matching and broadband transformers are included. 

Appendix A is a math tutorial on complex number manipulation with emphasis 
on their relationship to complex impedances. This appendix is recommended 
reading for those who are not familiar with complex number arithmetic. Then, 
Appendix B presents a systems approach to low-noise design by examining the 
Noise Figure parameter and its relationship to circuit design and total systems 
design. Finally, in Appendix C, a bibliography of technical papers and books 
related to rf circuit design is given so that you, the reader, can further increase 
your understanding of rf design procedures. 

Chris Bowick 
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COMPONENTS 



Components, those bits and pieces which make up 
a radio frequency (rf) circuit, seem at times to be 
taken for granted. A capacitor is, after all, a capacitor 
—isn’t it? A 1-megohm resistor presents an impedance 
of at least 1 megohm— doesn’t it? The reactance of an 
inductor always increases with frequency, right? Well, 
as we shall see later in this discussion, things aren’t 
always as they seem. Capacitors at certain frequencies 
may not be capacitors at all, but may look inductive, 
while inductors may look like capacitors, and resistors 
may tend to be a little of both. 

In this chapter, we will discuss the properties of re- 
sistors, capacitors, and inductors at radio frequencies 
as they relate to circuit design. But, first, let’s take a 
look at the most simple component of any system and 
examine its problems at radio frequencies. 

WIRE 

Wire in an rf circuit can take many forms. Wire- 
wound resistors, inductors, and axial- and radial-leaded 
capacitors all use a wire of some size and length either 
in their leads, or in the actual body of the component, 
or both. Wire is also used in many interconnect appli- 
cations in the lower rf spectrum. The behavior of a 
wire in the rf spectrum depends to a large extent on 
the wire’s diameter and length. Table 1-1 lists, in the 
American Wire Gauge (AWG) system, each gauge 
of wire, its corresponding diameter, and other charac- 
teristics of interest to the rf circuit designer. In the 
AWG system, the diameter of a wire will roughly 
double every six wire gauges. Thus, if the last six 



EXAMPLE 1-1 

Given that the diameter of AWG 50 wire is 1.0 mil 
(0.001 inch), what is the diameter of AWG 14 wire? 


Solution 




AWG 50 = 
AWG 44 = 
AWG 38 = 
AWG 32 = 
AWG 26 = 
AWG 20 = 
AWG 14 = 


1 mil 

2x1 mil = 2 mils 
2x2 mils = 4 mils 
2x4 mils = 8 mils 
2x8 mils = 16 mils 

2 X 16 mils = 32 mils 

2 X 32 mils = 64 mils ( 0.064 inch ) 



gauges and their corresponding diameters are mem- 
orized from the chart, all other wire diameters can be 
determined without the aid of a chart ( Example 1-1 ) . 

Skin Effect 

A conductor, at low frequencies, utilizes its entire 
cross-sectional area as a transport medium for charge 
carriers. As the frequency is increased, an increased 
magnetic field at the center of the conductor presents 
an impedance to the charge carriers, thus decreasing 
the current density at the center of the conductor and 
increasing the current density around its perimeter. 
This increased current density near the edge of the 
conductor is known as skin effect. It occurs in all con- 
ductors including resistor leads, capacitor leads, and 
inductor leads. 

The depth into the conductor at which the charge- 
carrier current density falls to 1/e, or 37% of its value 
along the surface, is known as the skin depth and is 
a function of the frequency and the permeability and 
conductivity of the medium. Thus, different con- 
ductors, such as silver, aluminum, and copper, all have 
different skin depths. 

The net result of skin effect is an effective decrease 
in the cross-sectional area of the conductor and, there- 
fore, a net increase in the ac resistance of the wire as 
shown in Fig. 1-1. For copper, the skin depth is ap- 
proximately 0.85 cm at 60 Hz and 0.007 cm at 1 MHz. 
Or, to state it another way: 63% of the rf current flow- 
ing in a copper wire will flow within a distance of 0.007 
cm of the outer edge of the wire. 

Straight-Wire Inductors 

In the medium surrounding any current-carrying 
conductor, there exists a magnetic field. If the current 
in the conductor is an alternating current, this mag- 
netic field is alternately expanding and contracting 
and, thus, producing a voltage on tbe wire which op- 
poses any change in current flow. This opposition to 
change is called self-inductance and we call anything 
that possesses this quality an inductor. Straight-wire 
inductance might seem trivial, but as will be seen later 
in the chapter, the higher we go in frequency, the 
more important it becomes. 

The inductance of a straight wire depends on both 
its length and its diameter, and is found by: 
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L = 0.002l[2.3 log ( j - 0.75) ] /iH ( Eq. 1-1 ) 



where, 

L = the inductance in jaH, 
l = the length of the wire in cm, 
d = the diameter of the wire in cm. 

This is shown in calculations of Example 1-2. 



EXAMPLE 1-2 




Find the inductance of 5 centimeters of No. 22 copper 


wire. 




Solution 




From Table 1-1, the diameter of No. 22 copper wire is 
25.3 mils. Since 1 mil equals 2.54 X 10 — 3 cm, this equals 
0.0643 cm. Substituting into Equation 1-1 gives 


L_ (0.002 X 5) [2.3 log (*$ 3 - 


-0.75)] 


= 57 nanohenries 





The concept of inductance is important because 
any and all conductors at radio frequencies ( including 
hookup wire, capacitor leads, etc.) tend to exhibit the 
property of inductance. Inductors will be discussed 
in greater detail later in this chapter. 

RESISTORS 

Resistance is the property of a material that de- 
termines the rate at which electrical energy is con- 
verted into heat energy for a given electric current. By 
definition: 

1 volt across 1 ohm = 1 coulomb per second 
= 1 ampere 

The thermal dissipation in this circumstance is 1 watt. 

P = EI 

= 1 volt X 1 ampere 
= 1 watt 






Fig. 1-2. Resistor equivalent circuit. 



Resistors are used everywhere in circuits, as tran- 
sistor bias networks, pads, and signal combiners. How- 
ever, very rarely is there any thought given to how a 
resistor actually behaves once we depart from the 
world of direct current (dc). In some instances, such 
as in transistor biasing networks, the resistor will still 
perform its dc circuit function, but it may also disrupt 
the circuit’s rf operating point. 

Resistor Equivalent Circuit 

The equivalent circuit of a resistor at radio frequen- 
cies is shown in Fig. 1-2. R is the resistor value itself, 
L is the lead inductance, and C is a combination of 
parasitic capacitances which varies from resistor to 
resistor depending on the resistor’s structure. Carbon- 
composition resistors are notoriously poor high-fre- 
quency performers. A carbon-composition resistor con- 
sists of densely packed dielectric particulates or 
carbon granules. Between each pair of carbon granules 
is a very small parasitic capacitor. These parasitics, in 
aggregate, are not insignificant, however, and are the 
major component of the device’s equivalent circuit. 

YVirewound resistors have problems at radio fre- 
quencies too. As may be expected, these resistors tend 
to exhibit widely varying impedances over various 
frequencies. This is particularly true of the low re- 
sistance values in the frequency range of 10 MHz to 
200 MHz. The inductor L, shown in the equivalent cir- 
cuit of Fig. 1-2, is much larger for a wirewound resistor 
than for a carbon-composition resistor. Its value can 
be calculated using the single-layer air-core inductance 
approximation formula. This formula is discussed later 
in this chapter. Because wirewound resistors look like 
inductors, their impedances will first increase as the 
frequency increases. At some frequency (F r ), however, 
the inductance ( L ) will resonate with the shunt capaci- 




Fig. 1-3. Impedance characteristic of a wirewound resistor. 
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1.0 10 100 1000 
Frequency (MHz) 

Fig. 1-4. Frequency characteristics of metal-film vs. 
carbon-composition resistors. (Adapted from Handbook 
of Components for Electronics, McGraw-Hill ) . 

tance (C), producing an impedance peak. Any further 
increase in frequency will cause the resistor’s im- 
pedance to decrease as shown in Fig. 1-3. 

A metal-film resistor seems to exhibit the best char- 
acteristics over frequency. Its equivalent circuit is 
the same as the carbon-composition and wirewound 
resistor, but the values of the individual parasitic 
elements in the equivalent circuit decrease. 

The impedance of a metal-film resistor tends to de- 
crease with frequency above about 10 MHz, as shown 
in Fig. 1-4. This is due to the shunt capacitance in the 
equivalent circuit. At very high frequencies, and with 
low-value resistors (under 50 ohms), lead inductance 
and skin effect may become noticeable. The lead in- 



ductance produces a resonance peak, as shown for the 
5-ohm resistance in Fig. 1-4, and skin effect decreases 
the slope of the curve as it falls off with frequency. 

Many manufacturers will supply data on resistor be- 
havior at radio frequencies but it can often be mislead- 
ing. Once you understand the mechanisms involved 
in resistor behavior, however, it will not matter in what 
form the data is supplied. Example 1-3 illustrates that 
fact. 

The recent trend in resistor technology has been to 
eliminate or greatly reduce the stray reactances as- 
sociated with resistors. This has led to the development 
of thin-film chip resistors, such as those shown in Fig. 
1-6. They are typically produced on alumina or beryl- 
lia substrates and offer very little parasitic reactance 
at frequencies from dc to 2 GHz. 




Fig. 1-0. Thin-film chip resistors. ( Courtesy Piconics, Inc. ) 



EXAMPLE 1-3 

In Fig. 1-2, the lead lengths on the metal-film resistor 
are 1.27 cm (0.5 inch), and are made up of No. 14 wire. 
The total stray shunt capacitance (C) is 0.3 pF. If the 
resistor value is 10,000 ohms, what is its equivalent rf im- 
pedance at 200 MHz? 



Solution 

From Table 1-1, the diameter of No. 14 AWG wire is 
64.1 mils (0.1628 cm). Therefore, using Equation 1-1: 

L = 0.002 ( 1.27) [2.3 log (^ig-0.75)] 

= 8.7 nanohenries 

This presents an equivalent reactance at 200 MHz of: 

Xl — &>L 

= 27t ( 200 x 10«)(8.7 X 10-®) 

= 10.93 ohms 

The capacitor (C) presents an equivalent reactance of: 




~ 2tt( 200 X 100) ( 0.3 X 10- 1 ®) 
= 2653 ohms 



The combined equivalent circuit for this resistor, at 200 
MHz, is shown in Fig. 1-5. From this sketch, we can see 
that, in this case, the lead inductance is insignificant when 
compared with the 10K series resistance and it may be 



jl0.93 !2 jl0.93 S2 

10 K 



— j2563 Q 

Fig. 1-5. Equivalent circuit values for Example 1-3. 



neglected. The parasitic capacitance, on the other hand, 
cannot be neglected. What we now have, in effect, is a 
2563-ohm reactance in parallel with a 10,000-ohm re- 
sistance. The magnitude of the combined impedance is: 

RXc 

v¥+xJ 

(10K)(2563) 

“ V (10K) 2 + (2563)2 
= 1890.5 ohms 

Thus, our 10K resistor looks like 1890 ohms at 200 MHz. 
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CAPACITORS 

Capacitors are used extensively in rf applications, 
such as bypassing, interstage coupling, and in resonant 
circuits and filters. It is important to remember, how- 
ever, that not all capacitors lend themselves equally 
well to each of the above mentioned applications. The 
primary task of the rf circuit designer, with regard to 
capacitors, is to choose the best capacitor for his par- 
ticular application. Cost effectiveness is usually a 
major factor in the selection process and, thus, many 
trade-offs occur. In this section, well take a look at 
the capacitor’s equivalent circuit and we will examine 
a few of the various types of capacitors used at radio 
frequencies to see which are best suited for certain ap- 
plications. But first, a little review. 

Parallel-Plate Capacitor 

A capacitor is any device which consists of two 
conducting surfaces separated by an insulating ma- 
terial or dielectric. The dielectric is usually ceramic, 
air, paper, mica, plastic, film, glass, or oil. The capaci- 
tance of a capacitor is that property which permits the 
storage of a charge when a potential difference exists 
between the conductors. Capacitance is measured in 
units of farads. A 1-farad capacitor’s potential is raised 
by 1 volt when it receives a charge of 1 coulomb. 




where, 

C = capacitance in farads, 

Q = charge in coulombs, 

V = voltage in volts. 

However, the farad is much too impractical to work 
with, so smaller units were devised. 

1 microfarad = 1 /xF = 1 X 10 _ 6 farad 
1 picofarad = 1 pF = 1 X 10 -12 farad 

As stated previously, a capacitor in its fundamental 
form consists of two metal plates separated by a di- 
electric material of some sort. If we know the area 
( A ) of each metal plate, the distance ( d ) between the 
plate (in inches), and the permittivity (e) of the di- 
electric material in farads/meter (f/m), the capaci- 
tance of a parallel-plate capacitor can be found by: 

C = — — picofarads (Eq. 1-2) 

where, 

e 0 = free-space permittivity = 8.854 X 10” 12 f/m. 

In Equation 1-2, the area (A) must be large with re- 
spect to the distance (d). The ratio of e to to is known 
as the dielectric constant (k) of the material. The di- 
electric constant is a number which provides a com- 
parison of the given dielectric with air (see Fig. 1-7). 
The ratio of e/e 0 for air is, of course, 1. If the dielectric 
constant of a material is greater than 1, its use in a 
capacitor as a dielectric will permit a greater amount 



Dielectric K 

Air 1 

Polystrene 2.5 

Paper 4 

Mica 5 

Ceramic (low K) 10 



Ceramic (high K) 100-10,000 

Fig. 1-7. Dielectric constants of some common materials. 

of capacitance for the same dielectric thickness as air. 
Thus, if a material’s dielectric constant is 3, it will pro- 
duce a capacitor having three times the capacitance of 
one that has air as its dielectric. For a given value of 
capacitance, then, higher dielectric-constant materials 
will produce physically smaller capacitors. But, be- 
cause the dielectric plays such a major role in determin- 
ing the capacitance of a capacitor, it follows that the 
influence of a dielectric on capacitor operation, over 
frequency and temperature, is often important. 

Real-World Capacitors 

The usage of a capacitor is primarily dependent 
upon the characteristics of its dielectric. The dielec- 
tric’s characteristics also determine the voltage levels 
and the temperature extremes at which the device 
may be used. Thus, any losses or imperfections in the 
dielectric have an enormous effect on circuit operation. 

The equivalent circuit of a capacitor is shown in 
Fig. 1-8, where C equals the capacitance, R s is the 
heat-dissipation loss expressed either as a power factor 
( PF ) or as a dissipation factor ( DF ) , R p is the insula- 
tion resistance, and L is the inductance of the leads 
and plates. Some definitions are needed now. 

Power Factor— In a perfect capacitor, the alternating 
current will lead the applied voltage by 90°. This 
phase angle (</>) will be smaller in a real capacitor 
due to the total series resistance (R„ + R p ) that is 
shown in the equivalent circuit. Thus, 

PF = Cos <f> 

The power factor is a function of temperature, fre- 
quency, and the dielectric material. 

Insulation Resistance — This is a measure of the 
amount of dc current that flows through the dielectric 
of a capacitor with a voltage applied. No material is 
a perfect insulator; thus, some leakage current must 
flow. This current path is represented by R p in the 
equivalent circuit and, typically, it has a value of 
100,000 megohms or more. 

Effective Series Resistance — Abbreviated ESR, this 
resistance is the combined equivalent of R s and R p , 
and is the ac resistance of a capacitor. 



Fig. 1-8. Capacitor equivalent circuit. 
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ESR = ^ (1 X 10«) 

where, 
a) = 2 irf 

Dissipation Factor — The DF is the ratio of ac re- 
sistance to the reactance of a capacitor and is given 
by the formula: 

DF = ^X 100% 

Ac 

Q — The Q of a circuit is the reciprocal of DF and 
is defined as the quality factor of a capacitor. 

q = _L = Jk_ 

v DF ESR 

Thus, the larger the Q, the better the capacitor. 




Fig. 1-9. Impedance characteristic vs. frequency. 



The effect of these imperfections in the capacitor 
can be seen in the graph of Fig. 1-9. Here, the im- 
pedance characteristic of an ideal capacitor is plotted 
against that of a real-world capacitor. As shown, as the 
frequency of operation increases, the lead inductance 
becomes important. Finally, at F r , the inductance 
becomes series resonant with the capacitor. Then, 
above F r , the capacitor acts like an inductor. In gen- 
eral, larger-value capacitors tend to exhibit more 
internal inductance than smaller-value capacitors. 
Therefore, depending upon its internal structure, a 
0.1-jU.F capacitor may not be as good as a 300-pF 
capacitor in a bypass application at 250 MHz. In other 
words, the classic formula for capacitive reactance, 

X e = — 7 s, might seem to indicate that larger-value 
o>L/ 

capacitors have less reactance than smaller-value 
capacitors at a given frequency. At rf frequencies, how- 
ever, the opposite may be true. At certain higher fre- 
quencies, a 0.1 -/tF capacitor might present a higher im- 
pedance to the signal than would a 330-pF capacitor. 
This is something that must be considered when 
designing circuits at frequencies above 100 MHz. 
Ideally, each component that is to be used in any vhf, 




Fig. 1-10. Hewlett-Packard 8505A Network Analyzer. 

or higher frequency, design should be examined on a 
network analyzer similar to the one shown in Fig. 
1-10. This will allow the designer to know exactly what 
he is working with before it goes into the circuit. 

Capacitor Types 

There are many different dielectric materials used in 
the fabrication of capacitors, such as paper, plastic, 
ceramic, mica, polystyrene, polycarbonate, teflon, oil, 
glass, and air. Each material has its advantages and 
disadvantages. The rf designer is left with a myriad of 
capacitor types that he could use in any particular ap- 
plication and the ultimate decision to use a particular 
capacitor is often based on convenience rather than 
good sound judgement. In many applications, this ap- 
proach simply cannot be tolerated. This is especially 
true in manufacturing environments where more than 
just one unit is to be built and where they must oper- 
ate reliably over varying temperature extremes. It is 
often said in the engineering world that anyone can 
design something and make it work once, but it takes 
a good designer to develop a unit that can be produced 
in quantity and still operate as it should in different 
temperature environments. 

Ceramic Capacitors — Ceramic dielectric capacitors 
vary widely in both dielectric constant (K = 5 to 
10,000) and temperature characteristics. A good rule 
of thumb to use is : “The higher the K, the worse is its 
temperature characteristic.” This is shown quite clearly 
in Fig. 1-11. 

As illustrated, low-K ceramic capacitors tend to have 
linear temperature characteristics. These capacitors 
are generally manufactured using both magnesium 
titanate, which has a positive temperature coefficient 
(TC), and calcium titanate which has a negative TC. 
By combining the two materials in varying proportions, 
a range of controlled temperature coefficients can be 
generated. These capacitors are sometimes called tem- 
perature compensating capacitors, or NPO (negative 
positive zero) ceramics. They can have TCs that range 
anywhere from +150 to —4700 ppm/°C (parts-per- 
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Temperature, °C 

Fig. 1-11. Temperature characteristics for ceramic 
dielectric capacitors. 

million-per-degree-Celsius ) with tolerances as small as 
±15 ppm/°C. Because of their excellent temperature 
stability, NPO ceramics are well suited for oscillator, 
resonant circuit, or filter applications. 

Moderately stable ceramic capacitors (Fig. 1-11) 
typically vary ±15% of their rated capacitance over 
their temperature range. This variation is typically 
nonlinear, however, and care should be taken in their 
use in resonant circuits or filters where stability is im- 
portant. These ceramics are generally used in switching 
circuits. Their main advantage is that they are gener- 
ally smaller than the NPO ceramic capacitors and, of 
course, cost less. 

High-K ceramic capacitors are typically termed 
general-purpose capacitors. Their temperature char- 
acteristics are very poor and their capacitance may 
vary as much as 80% over various temperature ranges 
(Fig. 1-11). They are commonly used only in bypass 
applications at radio frequencies. 

There are ceramic capacitors available on the market 
which are specifically intended for rf applications. 
These capacitors are typically high-Q (low ESR) de- 
vices with flat ribbon leads or with no leads at all. 
The lead material is usually solid silver or silver plated 
and, thus, contains very low resistive losses. At vhf 
frequencies and above, these capacitors exhibit very 
low lead inductance due to the flat ribbon leads. These 
devices are, of course, more expensive and require spe- 
cial printed-circuit board areas for mounting. The 
capacitors that have no leads are called chip capaci- 
tors. These capacitors are typically used above 500 
MHz where lead inductance cannot be tolerated. Chip 
capacitors and flat ribbon capacitors are shown in 
Fig. 1-12. 
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Fig. 1-12. Chip and ribbon capacitors. 

Mica Capacitors— Mica capacitors typically have 
a dielectric constant of about 6, which indicates that 
for a particular capacitance value, mica capacitors are 
typically large. Their low K, however, also produces an 
extremely good temperature characteristic. Thus, mica 
capacitors are used extensively in resonant circuits and 
in filters where pc board area is of no concern. 

Silvered mica capacitors are even more stable. Ordi- 
nary mica capacitors have plates of foil pressed against 
the mica dielectric. In silvered micas, the silver plates 
are applied by a process called vacuum evaporation 
which is a much more exacting process. This produces 
an even better stability with very tight and reproduc- 
ible tolerances of typically +20 ppm/°C over a range 
-60 °C to +89 °C. 

The problem with micas, however, is that they are 
becoming increasingly less cost effective than ceramic 
types. Therefore, if you have an application in which 
a mica capacitor would seem to work well, chances 
are you can find a less expensive NPO ceramic capaci- 
tor that will work just as well. 

Metalized-Film Capacitors— “ Metalized-film” is a 




Fig. 1-13. A simple microwave air-core inductor. 
( Courtesy Piconics, Inc. ) 
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broad category of capacitor encompassing most of the 
other capacitors listed previously and which we have 
not yet discussed. This includes teflon, polystyrene, 
polycarbonate, and paper dielectrics. 

Vletalized-filrn capacitors are used in a number of 
applications, including filtering, bypassing, and coup- 
ling. Most of the polycarbonate, polystyrene, and teflon 
styles are available in very tight ( ±2% ) capacitance 
tolerances over their entire temperature range. Poly- 
styrene, however, typically cannot be used over +85 
°C as it is very temperature sensitive above this point. 
Most of the capacitors in this category are typically 
larger than the equivalent-value ceramic types and 
are used in applications where space is not a con- 
straint. 

INDUCTORS 

An inductor is nothing more than a wire wound or 
coiled in such a manner as to increase the magnetic 
flux linkage between the turns of the coil (see Fig. 
1-13). This increased flux linkage increases the wire’s 
self-inductance (or just plain inductance) beyond 
that which it would otherwise have been. Inductors 
are used extensively in rf design in resonant circuits, 
filters, phase shift and delay networks, and as rf chokes 
used to prevent, or at least reduce, the flow of rf en- 
ergy along a certain path. 

Real-World Inductors 

As we have discovered in previous sections of this 
chapter, there is no “perfect” component, and inductors 
are certainly no exception. As a matter of fact, of the 
components we have discussed, the inductor is prob- 
ably the component most prone to very drastic changes 
over frequency. 

Fig. 1-14 shows what an inductor really looks like 



c d 




Fig. 1-14. Distributed capacitance and series resistance 
in an inductor. 



at rf frequencies. As previously discussed, whenever 
we bring two conductors into close proximity but 
separated by a dielectric, and place a voltage differen- 
tial between the two, we form a capacitor. Thus, if 
any wire resistance at all exists, a voltage drop ( even 
though very minute ) will occur between the windings, 
and small capacitors will be formed. This effect is 
shown in Fig. 1-14 and is called distributed capaci- 
tance (C d ). Then, in Fig. 1-15, the capacitance (C (1 ) 
is an aggregate of the individual parasitic distributed 
capacitances of the coil shown in Fig. 1-14. 

R L 

v^__nnnmr^_ 

<-'d 

II 

Fig. 1-15. Inductor equivalent circuit. 




Fig. 1-16. Impedance characteristic vs. frequency for a 
practical and an ideal inductor. 

The effect of C d upon the reactance of an inductor 
is shown in Fig. 1-16. Initially, at lower frequencies, 
the inductor’s reactance parallels that of an ideal in- 
ductor. Soon, however, its reactance departs from the 
ideal curve and increases at a much faster rate until 
it reaches a peak at the inductor’s parallel resonant 
frequency (F r ). Above F r , the inductor’s reactance 
begins to decrease with frequency and, thus, the in- 
ductor begins to look like a capacitor. Theoretically, 
the resonance peak would occur at infinite reactance 
(see Example 1-4). However, due to the series re- 
sistance of the coil, some finite impedance is seen at 
resonance. 

Recent advances in inductor technology have led to 
the development of microminiature fixed-chip induc- 
tors. One type is shown in Fig. 1-17. These inductors 
feature a ceramic substrate with gold-plated solder- 
able wrap-around bottom connections. They come in 
values from 0.01 /u,H to 1.0 mH, with typical Qs that 
range from 40 to 60 at 200 MHz. 

It was mentioned earlier that the series resistance 
of a coil is the mechanism that keeps the impedance 
of the coil finite at resonance. Another effect it has is 
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Fig. 1-17. Microminiature chip inductor. 
( Courtesy Piconics, Inc. ) 



EXAMPLE 1-4 

To show that the impedance of a lossless inductor at 
resonance is infinite, we can write the following: 


„ X,.Xc 

~~ Xu + Xo 


(Eq. 1-3) 


where, 

Z = the impedance of the parallel circuit, 
Xl = the inductive reactance ( jo>L ) , 




Xc = the capacitive reactance • 




Therefore, 




z.Wse) 

jtUL+ ]i 


(Eq. 1-4) 


Multiplying numerator and denominator by jcoC, we get: 


7 jcaL 

(jeaLMjcaC) + 1 
jtaL 

— j 2 (u 2 LC + 1 


(Eq. 1-5) 


From algebra, j 2 = — 1; then, rearranging: 




7 jc»L 

1 - iu 2 LC 


(Eq. 1-6) 


If the term <u 2 LC, in Equation 1-6, should ever become 
equal to 1, then the denominator will be equal to zero and 
impedance Z will become infinite. The frequency at which 
g> 2 LC becomes equal to 1 is: 


or 2 LC - 1 




lc = 4 

C0 J 




VLC = i 

CO 




2ttVlC = j 
1 


(Eq. 1-7) 


2ttVlC = f 


which is the familiar equation for the resonant frequency 
of a tuned circuit. 



to broaden the resonance peak of the impedance curve 
of the coil. This characteristic of resonant circuits is 
an important one and will be discussed in detail in 
Chapter 3. 

The ratio of an inductor’s reactance to its series re- 
sistance is often used as a measure of the quality of 
the inductor. The larger the ratio, the better is the 
inductor. This quality factor is referred to as the Q 
of the inductor. 




If the inductor were wound with a perfect conductor, 
its Q would be infinite and we would have a lossless 
inductor. Of course, there is no perfect conductor and, 
thus, an inductor always has some finite Q. 

At low frequencies, the Q of an inductor is very 
good because the only resistance in the windings is 
the dc resistance of the wire— which is very small. 
But as the frequency increases, skin effect and winding 
capacitance begin to degrade the quality of the in- 
ductor. This is shown in the graph of Fig. 1-18. At 
low frequencies, Q will increase directly with fre- 
quency because its reactance is increasing and skin 
effect has not yet become noticeable. Soon, however, 
skin effect does become a factor. The Q still rises, but 
at a lesser rate, and we get a gradually decreasing slope 
in the curve. The flat portion of the curve in Fig. 1-18 
occurs as the series resistance and the reactance are 
changing at the same rate. Above this point, the shunt 
capacitance and skin effect of the windings combine 
to decrease the Q of the inductor to zero at its resonant 
frequency. 

Some methods of increasing the Q of an inductor and 
extending its useful frequency range are: 

1. Use a larger diameter wire. This decreases the ac 
and dc resistance of the windings. 

2. Spread the windings apart. Air has a lower dielectric 
constant than most insulators. Thus, an air gap be- 
tween the windings decreases the interwinding 
capacitance. 

3. Increase the permeability of the flux linkage path. 
This is most often done by winding the inductor 
around a magnetic-core material, such as iron or 




Fig. 1-18. The Q variation of an inductor vs. frequency. 
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ferrite, A coil made in this manner will also con- 
sist of fewer turns for a given inductance. This will 
be discussed in a later section of this chapter. 



Single-Layer Air-Core Inductor Design 

Every rf circuit designer needs to know how to 
design inductors. It may be tedious at times, but it’s 
well worth the effort. The formula that is generally- 
used to design single-layer air-core inductors is given 
in Equation 1-8 and diagrammed in Fig. 1-19. 



_ 0.394 r 2 N 2 
9r+10f 



(Eq. 1-8) 



where, 

r = the coil radius in cm, 
l = the coil length in cm, 

1 , = the inductance in microhenries. 



However, coil length l must be greater than 0.6 7r. 
This formula is accurate to within one percent. See 
Example 1-5. 

Keep in mind that even though optimum Q is at- 
tained when the length of the coil (l) is equal to its 
diameter (2r), this is sometimes not practical and, in 
many cases, the length is much greater than the di- 



— OQOOOOOQOOO 

r 

■ — - — C/L 



ooooooooooo; 

Fig. 1-19. Single-layer air-core inductor requirements. 



EXAMPLE 1-5 

Design a 100 nH (0.1 fiH ) air-core inductor on a 14 - 
inch ( 0.635 cm ) coil form. 



Solution 



For optimum Q, the length of the coil should be equal 
to its diameter. Thus, / = 0.635 cm, r = 0.317 cm, and 
L. = 0.1 mH. 

Using Equation 1-8 and solving for N gives: 






29L 

0.394r 



where we have taken / = 2r, for optimum Q. 
Substituting and solving: 



N = 



29(0.1) 



(0.394) (0.317) 
= 4.8 turns 



Thus, we need 4.8 turns of wire within a length of 0.635 
cm, A look at Table 1-1 reveals that the largest diameter 
enamel-coated wire that will allow 4.8 turns in a length of 
0.635 cm is No. 18 AWC, wire which has a diameter of 
42.4 mils (0.107 cm). 



Table 1-1. AWG Wire Chart 



Wire 

Size 

(AWG) 


Dia 

in 

Mils' 

(Bare) 


Dia 

in 

Mils 

( Coated ) 


Ohms/ 
1000 ft. 


Area 

Circular 

Mils 


1 


289.3 




0.124 


83690 


2 


257.6 




0.156 


66360 


3 


229.4 




0.197 


52620 


4 


204.3 




0.249 


41740 


5 


181.9 




0.313 


33090 


6 


162.0 




0.395 


26240 


7 


144.3 




0.498 


20820 


8 


128.5 


131.6 


0.628 


16510 


9 


114.4 


116.3 


0.793 


13090 


10 


101.9 


104.2 


0.999 


10380 


11 


90.7 


93.5 


1.26 


8230 


12 


80.8 


83.3 


1.59 


6530 


13 


72.0 


74.1 


2.00 


5180 


14 


64.1 


66.7 


2.52 


4110 


15 


57.1 


59.5 


3.18 


3260 


16 


50.8 


52.9 


4.02 


2580 


17 


45.3 


47.2 


5.05 


2050 


18 


40.3 


42.4 


6.39 


1620 


19 


35.9 


37.9 


8.05 


1290 


20 


32.0 


34.0 


10.1 


1020 


21 


28.5 


30.2 


12.8 


812 


22 


25.3 


27.0 


16.2 


640 


23 


22.6 


24.2 


20.3 


511 


24 


20.1 


21.6 


25.7 


404 


25 


17.9 


19,3 


32.4 


320 


26 


1 5.9 


17.2 


41.0 


253 


27 


14.2 


15.4 


51.4 


202 


28 


12.6 


13.8 


65.3 


159 


29 


11.3 


12.3 


81.2 


123 


30 


10.0 


11.0 


104.0 


100 


31 


8.9 


9.9 


131 


79.2 


32 


8.0 


8.8 


162 


64.0 


33 


7.1 


7.9 


206 


50.4 


34 


6.3 


7.0 


261 


39.7 


35 


5.6 


6.3 


331 


31.4 


36 


5.0 


5.7 


415 


25.0 


37 


4.5 


5.1 


512 


20.2 


38 


4.0 


4.5 


648 


16.0 


39 


3.5 


4.0 


847 


12.2 


40 


3.1 


3.5 


1080 


9.61 


41 


2.8 


3.1 


1320 


7.84 


42 


2.5 


2.8 


1660 


6.25 


43 


2.2 


2.5 


2140 


4.84 


44 


2.0 


2.3 


2590 


4.00 


45 


1.76 


1.9 


3350 


3.10 


46 


1.57 


1.7 


4210 


2.46 


47 


1.40 


1.6 


5290 


1.96 


48 


1.24 


1.4 


6750 


1.54 


49 


1.11 


1.3 


8420 


1.23 


50 


.99 


1.1 


10600 


0.98 



° 1 mil = 2.54 X 10- 3 cm 



ameter. In Example 1-5, we calculated the need for 
4.8 turns of wire in a length of 0.635 cm and decided 
that No. 18 AWG wire would fit. The only problem 
with this approach is that when the design is finished, 
we end up with a very tightly wound coil. This in- 
creases the distributed capacitance between the turns 
and, thus, lowers the useful frequency range of the 
inductor by lowering its resonant frequency. We could 
take either one of the following compromise solutions 
to this dilemma: 
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1. Use the next smallest AWG wire size to wind the 
inductor while keeping the length ( l ) the same. 
This approach will allow a small air gap between 
windings and, thus, decrease the interwinding ca- 
pacitance. It also, however, increases the resistance 
of the windings by decreasing the diameter of the 
conductor and, thus, it lowers the Q. 

2. Extend the length of the inductor (while retaining 
the use of No. 18 AWG wire) just enough to leave 
a small air gap between the windings. This method 
will produce the same effect as Method No. 1. It 
reduces the Q somewhat but it decreases the inter- 
winding capacitance considerably. 

Magnetic-Core Materials 

In many rf applications, where large values of in- 
ductance are needed in small areas, air-core inductors 
cannot be used because of their size. One method of 
decreasing the size of a coil while maintaining a given 
inductance is to decrease the number of turns while at 
the same time increasing its magnetic flux density. The 
flux density can be increased by decreasing the “re- 
luctance” or magnetic resistance path that links the 
windings of the inductor. We do this by adding a 
magnetic-core material, such as iron or ferrite, to the 
inductor. The permeability ( fi ) of this material is 
much greater than that of air and, thus, the magnetic 
flux isn’t as “reluctant” to flow between the windings. 
The net result of adding a high permeability core to 
an inductor is the gaining of the capability to wind 
a given inductance with fewer turns than what would 
be required for an air-core inductor. Thus, several 
advantages can be realized. 

1. Smaller size— due to the fewer number of turns 
needed for a given inductance. 

2. Increased Q— fewer turns means less wire resistance. 

3. Variability— obtained by moving the magnetic core 
in and out of the windings. 

There are some major problems that are introduced 
by the use of magnetic cores, however, and care must 
be taken to ensure that the core that is chosen is the 
right one for the job. Some of the problems are: 

1. Each core tends to introduce its own losses. Thus, 
adding a magnetic core to an air-core inductor could 
possibly decrease the Q of the inductor, depending 
on the material used and the frequency of- operation. 

2. The permeability of all magnetic cores changes with 
frequency and usually decreases to a very small 
value at the upper end of their operating range. It 
eventually approaches the permeability of air and 
becomes “invisible" to the circuit. 

3. The higher the permeability of the core, the more 
sensitive it is to temperature variation. Thus, over 
wide temperature ranges, the inductance of the 
coil may vary appreciably. 

4. The permeability of the magnetic core changes 
with applied signal level. If too large an excitation 
is applied, saturation of the core will result. 



These problems can be overcome if care is taken, in 
the design process, to choose cores wisely. Manufac- 
turers now supply excellent literature on available 
sizes and types of cores, complete with their important 
characteristics. 



TOROIDS 

A toroid, very simply, is a ring or doughnut-shaped 
magnetic material that is widely used to wind rf in- 
ductors and transformers. Toroids are usually made of 
iron or ferrite. They come in various shapes and sizes 
(Fig. 1-20) with widely varying characteristics. When 
used as cores for inductors, they can typically yield 
very high Qs. They are self -shielding, compact, and 
best of all, easy to use. 

The Q of a toroidal inductor is typically high be- 
cause the toroid can be made with an extremely high 
permeability. As was discussed in an earlier section, 
high permeability cores allow the designer to con- 
struct an inductor with a given inductance ( for exam- 
ple, 35 /zH ) with fewer turns than is possible with an 
air-core design. Fig. 1-21 indicates the potential sav- 
ings obtained in number of turns of wire when coil 
design is changed from air-core to toroidal-core in- 
ductors. The air-core inductor, if wound for optimum 



Fig. 1-20. Toroidal cores come in various shapes and sizes. 

t 

35 /IH 35 H H 

8 turns 90 turns 

/A j = 2500 Vi-inch coil form 




(A) Toroid inductor. (B) Air-core inductor. 

Fig. 1-21. Turns comparison between inductors for the 
same inductance. 
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Q, would take 90 turns of a very small wire ( in order 
to fit all turns within a %-inch length) to reach 35 
/r,H; however, the toroidal inductor would only need 8 
turns to reach the design goal. Obviously, this is an ex- 
treme case but it serves a useful purpose and illustrates 
the point. The toroidal core does require fewer turns 
for a given inductance than does an air-core design. 
Thus, there is less ac resistance and the Q can be 
increased dramatically. 




Magnetic Flux 



B 




Fig. 1-23. Magnetization curve for a typical core. 



(A) Typical inductor. 




( B ) Toroidal inductor. 

Fig. 1-22. Shielding effect of a toroidal inductor. 



The self-shielding properties of a toroid become 
evident when Fig. 1-22 is examined. In a typical air- 
core inductor, the magnetic-flux lines linking the turns 
of the inductor take the shape shown in Fig. 1-22A. 
The sketch clearly indicates that the air surrounding 
the inductor is definitely part of the magnetic-flux path. 
Thus, this inductor tends to radiate the rf signals flow- 
ing within. A toroid, on the other hand (Fig. 1-22B), 
completely contains the magnetic flux within the ma- 
terial itself; thus, no radiation occurs. In actual prac- 
tice, of course, some radiation will occur but it is min- 
imized. This characteristic of toroids eliminates the 
need for bulky shields surrounding the inductor. The 
shields not only tend to reduce available space, but 
they also reduce the Q of the inductor that they are 
shielding. 

Core Characteristics 

Earlier, we discussed, in general terms, the relative 
advantages and disadvantages of using magnetic cores. 
The following discussion of typical toroidal-core char- 
acteristics will aid you in specifying the core that you 
need for your particular application. 

Fig. 1-23 is a typical magnetization curve for a 
magnetic core. The curve simply indicates the mag- 
netic-flux density ( B ) that occurs in the inductor with 
a specific magnetic-field intensity (H) applied. As the 
magnetic-field intensity is increased from zero (by in- 



creasing the applied signal voltage), the magnetic- 
flux density that links the turns of the inductor in- 
creases quite linearly. The ratio of the magnetic-flux 
density to the magnetic-field intensity is called the 
permeability of the material. This has already been 
mentioned on numerous occasions. 



fi = B/H (Webers /ampere-turn) ( Eq. 1-9) 

Thus, the permeability of a material is simply a mea- 
sure of how well it transforms an electrical excitation 
into a magnetic flux. The better it is at this transforma- 
tion, the higher is its permeability. 

As mentioned previously, initially the magnetiza- 
tion curve is linear. It is during this linear portion of 
the curve that permeability is usually specified and, 
thus, it is sometimes called initial permeability (im) 
in various core literature. As the electrical excitation 
increases, however, a point is reached at which the 
magnetic-flux intensity does not continue to increase 
at the same rate as the excitation and the slope of the 
curve begins to decrease. Any further increase in ex- 
citation may cause saturation to occur. H sat is the ex- 
citation point above which no further increase in 
magnetic-flux density occurs (B sat ). The incremental 
permeability above this point is the same as air. Typi- 
cally, in rf circuit applications, we keep the excitation 
small enough to maintain linear operation. 

B aa , varies substantially from core to core, depend- 
ing upon the size and shape of the material. Thus, it 
is necessary to read and understand the manufacturer’s 
literature that describes the particular core you are 
using. Once B aat is known for the core, it is a very 
simple matter to determine whether or not its use in 
a particular circuit application will cause it to saturate. 
The in-circuit operational flux density (B„ p ) of the 
core is given by the formula: 



E X 10 8 

' op ~ (4.44)fNA* 



(Eq. 1-10) 
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where, 

B op = the magnetic-flux density in gauss, 

E = the maximum rms voltage across the inductor 
in volts, 

f = the frequency in hertz, 

N = the number of turns, 

A e = the effective cross-sectional area of the core 
in cm 2 . 

Thus, if the calculated B op for a particular application 
is less than the published specification for B sat , then 
the core will not saturate and its operation will be 
somewhat linear. 

Another characteristic of magnetic cores that is 
very important to understand is that of internal loss. 
It has previously been mentioned that the careless 
addition of a magnetic core to an air-core inductor 
could possibly reduce the Q of the inductor. This con- 
cept might seem contrary to what we have studied 
so far, so let’s examine it a bit more closely. 

The equivalent circuit of an air-core inductor (Fig. 
1-15) is reproduced in Fig. 1-24A for your convenience. 
The Q of this inductor is 

Q = § (Eq. 1-11) 

where, 

X L = «L, 

R s = the resistance of the windings. 

If we add a magnetic core to the inductor, the 
equivalent circuit becomes like that shown in Fig. 
1-24B. We have added resistance R p to represent the 
losses which take place in the core itself. These losses 
are in the form of hysteresis. Hysteresis is the power 
lost in the core due to the realignment of the magnetic 
particles within the material with changes in excita- 
tion, and the eddy currents that flow in the core due 
to the voltages induced within. These two types of 
internal loss, which are inherent to some degree in 
every magnetic core and are thus unavoidable, com- 
bine to reduce the efficiency of the inductor and, thus, 
increase its loss. But what about the new Q for the 
magnetic-core inductor? This question isn’t as easily 
answered. Remember, when a magnetic core is in- 
serted into an existing inductor, the value of the in- 
ductance is increased. Therefore, at any given fre- 
quency, its reactance increases proportionally. The 
question that must be answered then, in order to de- 
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( A ) Air core. ( B ) Magnetic core. 

Fig. 1-24. Equivalent circuits for air-core and 
magnetic-core inductors. 



termine the new Q of the inductor, is: By what factors 
did the inductance and loss increase? Obviously, if 
by adding a toroidal core, the inductance were in- 
creased by a factor of two and its total loss was also 
increased by a factor of two, the Q would remain 
unchanged. If, however, the total coil loss were in- 
creased to four times its previous value while only 
doubling the inductance, the Q of the inductor would 
be reduced by a factor of two. 

Now, as if all of this isn’t confusing enough, we 
must also keep in mind that the additional loss intro- 
duced by the core is not constant, but varies (usually 
increases) with frequency. Therefore, the designer 
must have a complete set of manufacturer’s data 
sheets for every core he is working with. 

Toroid manufacturers typically publish data sheets 
which contain all the information needed to design 
inductors and transformers with a particular core. 
(Some typical specification and data sheets are given 
in Figs. 1-25 and 1-26.) In most cases, however, each 
manufacturer presents the information in a unique 
manner and care must be taken in order to extract 
the information that is needed without error, and in 
a form that can be used in the ensuing design process. 
This is not always as simple as it sounds. Later in this 
chapter, we will use the data presented in Figs. 1-25 
and 1-26 to design a couple of toroidal inductors so 
that we may see some of those differences. Table 1-2 
lists some of the commonly used terms along with 
their symbols and units. 

Powdered Iron Vs. Ferrite 

In general, there are no hard and fast rules govern- 
ing the use of ferrite cores versus powdered-iron cores 
in rf circuit-design applications. In many instances, 
given the same permeability and type, either core 
could be used without much change in performance of 
the actual circuit. There are, however, special appli- 
cations in which one core might out-perform another, 
and it is those applications which we will address here. 

Powdered-iron cores, for instance, can typically 
handle more rf power without saturation or damage 
than the same size ferrite core. For example, ferrite, 
if driven with a large amount of rf power, tends to 
retain its magnetism permanently. This ruins the core 
by changing its permeability permanently. Powdered 
iron, on the other hand, if overdriven will eventually 
return to its initial permeability Thus, in any 

application where high rf power levels are involved, 
iron cores might seem to be the best choice. 

In general, powdered-iron cores tend to yield higher- 
Q inductors, at higher frequencies, than an equivalent 
size ferrite core. This is due to the inherent core char- 
acteristics of powdered iron which produce much 
less internal loss than ferrite cores. This characteristic 
of powdered iron makes it very useful in narrow-band 
or tuned-circuit applications. Table 1-3 lists a few of 
the common powdered-iron core materials along with 
their typical applications. 
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• Values measured at 100 KHz, T 25 C. 

■ Temperature Coefficient (TC) ■ 0 to +0.75% /°C max., 

-40 to +70°C. 

■ Disaccommodation (D) = 3.0% max., 

10-100 min., 25°C. 

■ Hysteresis Core Constant (rfy measured at 20 KHz to 

30 gauss (3 milli Tesla). 

■ For mm dimensions and core constants, see page 30. 
MECHANICAL SPECIFICATIONS 





PART NUMBER 


TOL 


UNITS 


B8R 7401 


BBR 7402 


BBR 7403 


B8R-7404 


«*i 


0.135 


0.155 


0.230 


0.100 


1 0.005 


in. 


«»2 


0.065 


0.068 


0.120 


0.060 


1 0.005 


in. 


h 


0.055 


0.061 


0.060 


0.050 


1 0.005 


in. 



7400 Series Toroids 

Nom. fj. i 2500 




ELECTRICAL SPECIFICATIONS 





PART NUMBER 


TOL 


UNITS 


BBR 7401 


BBR 7402 


BBR 7403 


BBR-7404 


Al 


510 


365 


495 


440 


i20% 


nH/turn 2 


Xp/N 2 


0.320 


0.229 


0.310 


0.276 


>20% 


ohm/turn 2 


Rp/N 2 


10.4 


75 


10.0 


8.9 


min. 


ohm/turn 2 


Q 


54 


54 


54 


54 


min. 




Vrmt 


7.9 


7.1 


13.6 


5.1 


max. 


mv 


n, 


1,480 


1,400 


0,920 


2,150 


max. 


VSA' 2 H-3/2 



TYPICAL CHARACTERISTIC CURVES - Part Numbers 7401, 7402, 7403 and 7404 



100 
•0 

GO 
40 

70 
0 
20 
-40 
GO 
80 
100 

0 0.NIB 2.6 3,5 4,4 5.2 6.2 7.0 1.0 8.9 -40 0 40 GO 120 160 ] 0 2 2 3 5 7 10 3 2 3 5 7 1 0 4 

Vrrn$/A e N (X 10‘ 3 ) Volti mm' 2 TEMPERATURE °C D. C Ml LL1AMP TURNS 




Fig. 1-25. Data sheet for ferrite toroidal cores. ( Courtesy Indiana General) 



Cont. on next page 
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Fig. 1-25— cont. Data sheet for ferrite toroidal cores. ( Courtesy Indiana General) 
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IRON-POWDER TOROIDAL CORES 




T-200 - - 
T-184 - - 
T-157 - - 
T-130- - 
T-106 - - 
T- 94 - - 
T- 80 - - 
T- 68 - - 
T- 50 - - 
T- 44 - - 
T- 37 - - 
T- 30 - - 
T- 25 - - 
T- 20 - - 
T- 16 - - 
T- 12 -- 



Outer 

Diam. 

(in) 


Inner 

Diam. 

(in) 


PHYSICAL DIMENSIONS 

He! ^ SeT. 

(in) Area (cm) 


Mean 

Length 

(cm) 


2.250 


1.400 


1.000 


2.742 


14.56 


2.250 


1.400 


.550 


1.508 


14.56 


2.000 


1.250 


.550 


1.330 


12.97 


1.840 


.960 


.710 


2.040 


11.12 


1.570 


.950 


.570 


1.140 


10.05 


1.300 


.7 80 


.437 


.930 


8.29 


1.060 


.560 


.437 


.706 


6.47 


.942 


.560 


.312 


.385 


6.00 


.795 


.495 


.250 


.242 


5.15 


.690 


.370 


.190 


.196 


4.24 


.500 


.303 


.190 


.121 


3.20 


.440 


.229 


.159 


.107 


2.67 


.375 


.204 


.128 


.070 


2.32 


.307 


.150 


.128 


.065 


1.83 


.255 


.120 


.096 


.042 


1.50 


.200 


.088 


.070 


.034 


1.15 


.160 


.078 


.060 


.016 


0.75 


.120 


.062 


.050 


.010 


0.74 



POWDER MATERIAL vs. FREQUENCY RANGE 



Higher Q will be obtained in the upper portion of a materials frequency range wh 
smaller cores are used. Likewise, in the lower portion of a materials frequency rc 
higher Q can be achieved when using the larger cores. 



hen 

range. 




3. 5. 10. 30. 50. 100 200 300 



Coni, on next page 



Fig. 1-26. Data sheet for powdered-iron toroidal cores. (Courtesy Amidon Associates ) 
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IRON-POWDER TOROIDAL CORES 





FOR RESONANT 


CIRCUITS 




MATERIAL # 0 


permeability 


1 


50 MHz to 300 MHz 


Tan 


Core number 


Outer diam. 


Inner diam 


. Height 


Al value 




( in. ) 


( in. ) 


( in. ) 


uh / 100 t 


T- 130-0 


1.300 


.780 


.437 


15.0 


T- 106-0 


1.060 


.560 


.437 


19.2 


T- 94-0 


.942 


.560 


.312 


10.6 


T- 80-0 


.795 


.495 


.250 


8.5 


T- 68-0 


.690 


.370 


.190 


7.5 


T- 50-0 


.500 


.303 


.190 


6.4 


T- 44-0 


.440 


.229 


.159 


6.5 


T- 37-0 


.375 


.205 


.128 


4.9 


T- 30-0 


.307 


.151 


.128 


6.0 


T- 25-0 


.255 


.120 


.096 


4.5 


T- 20-0 


.200 


.088 


.067 


3.5 


T- 16-0 


.160 


.078 


.060 


3.0 


T- 12-0 


.125 


.062 


.050 


3.0 



MATERIAL # 


12 permeability 3 


20 MHz to 200 MHz 


Green & White 


Core number 


Outer diam. 1 


nner diam. 


Height 


Al value 




( in. ) 


( in. ] 


1 


( in. ) 


uh / 100 t 


T-80-12 


.795 


.495 




.250 


22 


T-68-12 


.690 


.370 




.190 


21 


T-50-12 


.500 


.300 




.190 


18 


T-44-12 


.440 


.229 




.159 


18 


T-37-12 


.375 


.205 




.128 


15 


T-30-12 


.307 


.151 




.128 


16 


T-25-12 


.255 


.120 




.096 


12 


T-20-12 


.200 


.088 




.067 


10 


T— 16— 12 


.160 


.078 




.060 


8 


T— 12—12 


.125 


.062 




.050 


7 








T 


200 ■ 


2 


Key to part numbers for : 






' V 





IRON POWDER TOROIDAL CORES 




Toroid 


Outer diameter Material 




\ 


desired inductance 


( uh ) 


Number o 


f turns =100 ! 















A 


• value 


( uh per 


100 turns ) 


Al values 


15% 




L 







Cont. on next page 

Fig. 1-26— cont. Data sheet for powdered-iron toroidal cores. ( Courtesy Amidon Associates) 
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IRON-POWDER TOROIDAL CORES 

FOR RESONANT CIRCUITS 



MATERIAL^ 1 10 permeability 6 10 MHz to 100 MHz Black 



Core number 


Outer diam. 
( in. ) 


Inner diam. 
( in. ) 


Height 
( in. ) 


A(_ value 
uh / 100 t 


T-94-10 


.942 


.560 


.312 


58 


T-80-10 


.795 


.495 


.250 


32 


T-68-10 


.690 


.370 


.190 


32 


T-50-10 


.500 


.303 


.190 


31 


T-44-10 


.440 


.229 


.159 


33 


T-37-10 


.375 


.205 


.128 


25 


T-30-10 


.307 


.151 


.128 


25 


T-25-10 


.255 


.120 


.096 


19 


T-20-10 


.200 


.088 


.067 


16 


T— 16— 10 


.160 


.078 


.060 


13 


T— 12— 10 


.125 


.062 


.050 


12 



Core 
SI ze 


40 


38 


NUMBER OF TURNS vi. 
Approximate number of turns of wire - 

wire 

36 34 32 30 28 


WIRE SIZE and CORE SIZE 
single layer wound - single 

size 

26 24 22 20 


insulation 
18 16 


14 


12 


10 


T— 1 2 


47 


37 


29 


21 


15 


11 


8 


5 


4 


2 


1 


i 


i 


0 


0 


3 


T- 16 


63 


49 


38 


29 


21 


16 


11 


8 


5 


3 


3 


1 


i 


1 


0 


0 


T-20 


72 


56 


43 


33 


25 


18 


14 


9 


6 


5 


4 


3 


i 


1 






T— 25 


101 


79 


62 


48 


37 


28 


21 


15 


11 


7 


5 


4 


3 


1 


1 


I 


T-30 


129 


101 


79 


62 


48 


37 


28 


21 


15 


11 


7 


5 


4 


3 




' 


T-37 


177 


140 


no 


87 


67 


53 


41 


31 


23 


17 


12 


9 


7 


5 


3 




T-44 


199 


157 


124 


97 


76 


60 


46 


35 


27 


20 


15 


10 


7 


6 


5 


0 


T-50 


265 


210 


166 


131 


103 


81 


63 


49 


37 


28 


21 


16 


11 


8 


6 


■> ! 


T-68 


325 


257 


205 


162 


127 


101 


79 


61 


47 


36 


28 


21 


15 


11 


9 


7 


T-80 


438 


347 


276 


219 


172 


137 


108 


84 


66 


51 


39 


30 


23 


17 


12 


8 


T-94 


496 


393 


313 


248 


195 


156 


123 


96 


75 


58 


45 


35 


27 


20 


14 


10 


T-106 


496 


393 


313 


248 


195 


156 


123 


96 


75 


58 


45 


35 


27 


20 


14 


10 1 


T-130 


693 


550 


439 


348 


275 


220 


173 


137 


107 


83 


66 


51 


40 


30 


23 


17 


T-157 


846 


672 


536 


426 


336 


270 


213 


168 


132 


104 


82 


64 


50 


38 


29 


22 


T-184 


846 


672 


536 


426 


336 


270 


213 


168 


132 


104 


82 


64 


50 


38 


29 


22 


T-200 


1115 


886 


707 


562 


445 


357 


282 


223 


176 


139 


109 


86 


68 


53 


41 


31 


T-225 


1250 


993 


793 


631 


499 


400 


317 


250 


198 


156 


123 


98 


77 


60 


46 


36 






Cont. on next page 

Fig. 1-26— cont. Data sheet for powdered-iron toroidal cores. ( Courtesy Amidon Associates ) 
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Fig. 1-26— cont. Data sheet for powdered-iron toroidal cores. ( Courtesy Amidon Associates) 



Cont. on next page 
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IRON-POWDER TOROIDAL CORES 



TEMPERATURE COEFFICIENT CURVES 



+1.0 c- 

o 

-C 

u 

+0.5 # - 





# 10 Material 150 ppm / C 

$ 12 Material 170 ppm / C— — 



AMIOON Associates ■ 12033 OTSEGO STREET NORTH HOLLYWOOD. CALIF. 91607 



Fig. 1-26— cont. Data sheet for powdered-iron toroidal cores. ( Courtesy Atnidon Associates } 
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Table 1-2. Toroidal Core Symbols and Definitions 



Symbol 


Description 


Units 


A c 


Available cross-sectional area. 
The area (perpendicular to the 
direction of the wire) for wind- 
ing turns on a particular core. 


cm 2 


A. 


Effective area of core. The 
cross-sectional area that an 
equivalent gapless core would 
have. 


cm 2 


Al 


Inductive index. This relates the 
inductance to the number of 
turns for a particular core. 


nH/tum 2 


But 


Saturation flux density of the 
core. 


gauss 


Bop 


Operating flux density of the 
core. This is with an applied 
voltage. 


gauss 


u 


Effective length of the flux path. 


cm 




Initial permeability. This is the 
effective permeability of the core 
at low excitation in the linear 
region. 


numeric 



Table 1-3. Powdered-Iron Materials 



Material 


Application /Classification 


Carbonyl C 


A medium-Q powdered-iron material at 
150 kHz. A high-cost material for am 
tuning applications and low-frequency if 
transformers. 


Carbonyl E 


The most widely used of all powdered- 
iron materials. Offers high-Q and me- 
dium permeability in the 1 MHz to 30 
MHz frequency range. A medium-cost 
material for use in if transformers, an- 
tenna coils, and general-purpose designs. 


Carbonyl J 


A high-Q powdered-iron material at 40 
to 100 MHz, with a medium permeabil- 
ity. A high-cost material for fm and tv 
applications. 


Carbonyl SF 


Similar to carbonyl E, but with a better 
Q up through 50 MHz. Costs more than 
carbonyl E. 


Carbonyl TH 


A powdered-iron material with a higher 
Q than carbonyl E up to 30 MHz, but 
less than carbonyl SF. Higher cost than 
carbonyl E. 


Carbonyl W 


The highest cost powdered-iron mate- 
rial. Offers a high Q to 100 MHz, with 
medium permeability. 


Carbonyl HP 


Excellent stability and a good Q for 
lower frequency operation— to 50 kHz. 
A powdered-iron material. 


Carbonyl GS6 


For commercial broadcast frequencies. 
Offers good stability and a high Q. 


IRN-8 


A synthetic oxide hydrogen-reduced 
material with a good Q from 50 to 150 
MHz. Medium priced for use in fm and 
tv applications. 



At very low frequencies, or in broad-band circuits 
which span the spectrum from vlf up through vhf, 
ferrite seems to be the general choice. This is true 
because, for a given core size, ferrite cores have a 
much higher permeability. The higher permeability is 
needed at the low end of the frequency range where, 
for a given inductance, fewer windings would be 
needed with the ferrite core. This brings up another 
point. Since ferrite cores, in general, have a higher 
permeability than the same size powdered-iron core, 
a coil of a given inductance can usually be wound on 
a much smaller ferrite core and with fewer turns. 
Thus, we can save circuit board area. 



TOROIDAL INDUCTOR DESIGN 



For a toroidal inductor operating on the linear 
(nonsaturating) portion of its magnetization curve, 
its inductance is given by the following formula: 



O.^N^A* X 10- 2 

l 



(Eq. 1-12) 



where, 

L = the inductance in microhenries, 

N = the number of turns, 

IM = initial permeability, 

A c = the cross-sectional area of the core in cm 2 , 
l c = the effective length of the core in cm. 

In order to make calculations easier, most manu- 
facturers have combined fi\, A c , l e , and other constants 
for a given core into a single quantity called the in- 
ductance index, A L . The inductance index relates the 
inductance to the number of turns for a particular core. 
This simplification reduces Equation 1-12 to: 



L = N 2 A l nanohenries ( Eq. 1-13) 

where, 

L = the inductance in nanohenries, 

N = the number of turns, 

Aj, = the inductance index in nanohenries/turn 2 



Thus, the number of turns to be wound on a given core 
for a specific inductance is given by : 



N 




(Eq. 1-14) 



This is shown in Example 1-6. 

The Q of the inductor cannot be calculated with 
the information given in Fig. 1-25. If we look at the 
Xp/N 2 , Rp/N 2 vs. Frequency curves given for the 
BBR-7403, however, we can make a calculated guess. 
At low frequencies ( 100 kHz ) , the Q of the coil would 
be approximately 54, where, 



(Eq - 1 - 16) 

= Rp 

x P 

As the frequency increases, resistance R p decreases 
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EXAMPLE 1-6 

Using the data given in Fig. 1-25, design a toroidal in- 
ductor with an inductance of 50 ^H. What is the largest 
AWG wire that we could possibly use while still maintain- 
ing a single-laver winding? What is the inductor’s Q at 
100 MHz? 



Solution 

There are numerous possibilities in this particular design 
since no constraints were placed on us. Fig. 1-25 is a data 
sheet for the Indiana General 7400 Series of ferrite toroidal 
cores. This type of core would normally be used in broad- 
band or low-Q transformer applications rather than in 
narrow band tuned circuits. This exercise will reveal why. 

The mechanical specifications for this series of cores in- 
dicate a fairly typical size for toroids used in small-signal 
rf circuit design. The largest core for this series is just 
under a quarter of an inch in diameter. Since no size con- 
straints were placed on us in the problem statement, we 
will use the BBR-7403 which has an outside diameter of 
0.0230 inch. This will allow us to use a larger diameter wire 
to wind the inductor. 

The published value for Ai, for the given core is 495 
nH/turn 2 . Using Equation 1-14, the number of turns re- 
quired for this core is: 

_ /50,000 nH 
— v 495 nH/tum 2 
= 10 turns 

Note that the inductance of 50 ^H was replaced with its 
equivalent of 50,000 nH. The next step is to determine the 
largest diameter wire that can be used to wind the trans- 
former while still maintaining a single-layer winding. In 
some cases, the data supplied by the manufacturer will 
include this type of winding information. Thus, in those 
cases, the designer need only look in a table to determine 
the maximum wire size that can be used. In our case, this 
information w as not given, so a simple calculation must be 
made. Fig. 1-27 illustrates the geometry of the problem. 
It is obvious from the diagram that the inner radius ( n ) of 




Fig. 1-27. Toroid coil winding geometry. 

the toroid is the limiting factor in determining the maxi- 
mum number of turns for a given wire diameter. The exact 
maximum diameter wire for a given number of turns can 
be found by: 

d = xTT - (Eq. 1-15) 

IN -f- 7 T 

where, 

d = the diameter of the wire in inches, 
n = the inner radius of the core in inches, 

X = the number of turns. 

For this example, we obtain the value of r, from Fig. 1-25 
( d~ = 0.120 inch ). 

, 0.120 
, = ^ 3 = 

10 -f- 7T 

= 28.69 X 10 — 2 inches 
= 28.69 mils 

As a practical rule of thumb, however, taking into ac- 
count the insulation thickness variation among manufac- 
turers, it is best to add a “fudge factor” and take 90% 
of the calculated value, or 25.82 mils. Thus, the largest 
diameter wire used would be the next size below 25.82 
mils, which is AWG No. 22 wire. 



EXAMPLE 1-7 

Using the information provided in the data sheet of Fig. 
1-26, design a high-Q ( Q > 80), 300 nH, toroidal inductor 
for use at UK) MHz. Due to pc board space available, the 
toroid may not be any larger than 0.3 inch in diameter. 

Solution 

Fig. 1-26 is an excerpt from an Anridon Associates iron- 
powder toroidal-core data sheet. The recommended oper- 
ating frequencies for various materials are shown in the 
Iron-Powder Material vs. Frequency Range graph. Either 
material No. 12 or material No. 10 seems to be well suited 
for operation at 100 MHz. Elsewhere on the data sheet, ma- 
terial No. 12 is listed as IRN-8. (IRN-8 is described in 
Table 1-3.) Material No. 10 is not described, so choose 
material No. 12. 

Then, under a heading of Iron-Powder Toroidal Cores, 
the data sheet lists the physical dimensions of the toroids 
along with the value of A r , for each. Note, however, that 
this particular company chooses to specify Al in ftH/100 
turns rather than /a.H/100 turns 2 . The conversion factor 
between their value of Al and Al in nH/turn 2 is to divide 
their value of At, by 10. Thus, the T-80-12 core with an Al 
of 22 /zH/100 turns is equal to 2.2 nH/turn 2 . 



Next, the data sheet lists a set of Q-curves for the cores 
listed in the preceding charts. Note that all of the curves 
shown indicate Qs that are greater than 80 at 100 MHz. 

Choose the largest core available that will fit in the 
allotted pc board area. The core you should have chosen 
is the number T-25-12, with an outer diameter of 0.255 
inch. 

Al = 1 2 /zH/100 t 
= 1.2 nH/turn- 

Therefore, using Equation 1-14, the number of turns re- 
quired is 




/300 
“ V 1.2 
= 15.81 



= 16 turns 

Finally, the chart of Number of Turns vs. Wire Size and 
Core Size on the data sheet clearly indicates that, for a 
T-25 size core, the largest size wire we can use to wind 
this particular toroid is No. 28 AWG wire. 
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while reactance X p increases. At about 3 MHz, X p 
equals R p and the Q becomes unity. The Q then falls 
below unity until about 100 MHz where resistance R p 
begins to increase dramatically and causes the Q to 
again pass through unity. Thus, due to losses in the 
core itself, the Q of the coil at 100 MHz is probably 
very close to 1. Since the Q is so low, this coil would 
not be a very good choice for use in a narrow-band 
tuned circuit. See Example 1-7. 

PRACTICAL WINDING HINTS 

Fig. 1-28 depicts the correct method for winding 
a toroid. Using the technique of Fig. 1-28A, the inter- 
winding capacitance is minimized, a good portion of 
the available winding area is utilized, and the resonant 
frequency of the inductor is increased, thus extending 
the useful frequency range of the device. Note that 
by using the methods shown in Figs. 1-28B and 1-28C, 
both lead capacitance and interwinding capacitance 
will affect the toroid. 





Lead 

Capacitance 




Fig, 1-28. Practical winding hints. 





In this chapter, we will explore the parallel resonant 
circuit and its characteristics at radio frequencies. We 
will examine the concept of loaded-Q and how it re- 
lates to source and load impedances. We will also see 
the effects of component losses and how they affect 
circuit operation. Finally, we will investigate some 
methods of coupling resonant circuits to increase their 
selectivity. 

SOME DEFINITIONS 

The resonant circuit is certainly nothing new in rf 
circuitry. It is used in practically every transmitter, 
receiver,, or piece of test equipment in existence, to 
selectively pass a certain frequency or group of fre- 
quencies from a source to a load while attenuating all 
other frequencies outside of this passband. The perfect 
resonant-circuit passband would appear as shown in 
Fig. 2-1. Here we have a perfect rectangular-shaped 
passband with infinite attenuation above and below 
the frequency band of interest, while allowing the 
desired signal to pass undisturbed. The realization of 
this filter is, of course, impossible due to the physical 
characteristics of the components that make up a 
filter. As we learned in Chapter 1, there is no perfect 
component and, thus, there can be no perfect filter. If 
we understand the mechanics of resonant circuits, 
however, we can certainly tailor an imperfect circuit 
to suit our needs just perfectly. 

Fig. 2-2 is a diagram of what a practical filter re- 



sponse might resemble. Appropriate definitions are 
presented below: 

1. Bandwidth — The bandwidth of any resonant circuit 
is most commonly defined as being the difference 
between the upper and lower frequency ( f 2 — f i ) 
of the circuit at which its amplitude response is 3 
dB below the passband response. It is often called 
the half-power bandwidth. 

2. Q— The ratio of the center frequency of the res- 
onant circuit to its bandwidth is defined as the 
circuit Q. 

<? = £-=£ (Eq. 2-1) 

This Q should not be confused with component Q 
which was defined in Chapter 1. Component Q 
does have an effect on circuit Q, but the reverse is 
not true. Circuit Q is a measure of the selectivity 
of a resonant circuit. The higher its Q, the narrower 
its bandwidth, the higher is the selectivity of a 
resonant circuit. 

3. Shape Factor — The shape factor of a resonant cir- 
cuit is typically defined as being the ratio of the 
60-dB bandwidth to the 3-dB bandwidth of the 
resonant circuit. Thus, if the 60-dB bandwidth 
(f 4 — f 3 ) were 3 MHz and the 3-dB bandwidth 
( f 2 — f i ) were 1.5 MHz, then the shape factor 
would be: 

CT ,_ 3 MHz 
1.5 MHz 




Fig. 2-1. The perfect filter response. 
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Fig. 2-2. A practical filter response. 
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Fig. 2-3. An impossible shape factor. 



Shape factor is simply a degree of measure of the 
steepness of the skirts. The smaller the number, the 
steeper are the response skirts. Notice that our per- 
fect filter in Fig. 2-1 has a shape factor of 1, which 
is the ultimate. The passband for a filter with a 
shape factor smaller than 1 would have to look 
similar to the one shown in Fig. 2-3. Obviously, this 
is a physical impossibility. 

4. Ultimate Attenuation — Ultimate attenuation, as the 
name implies, is the final minimum attenuation that 
the resonant circuit presents outside of the specified 
passband. A perfect resonant circuit would pro- 
vide infinite attenuation outside of its passband. 
However, due to component imperfections, infinite 
attenuation is infinitely impossible to get. Keep in 
mind also, that if the circuit presents response peaks 
outside of the passband, as shown in Fig. 2-2, then 
this, of course, detracts from the ultimate attenua- 
tion specification of that resonant circuit. 

5. Insertion Loss — Whenever a component or group 
of components is inserted between a generator and 
its load, some of the signal from the generator is 
absorbed in those components due to their inherent 
resistive losses. Thus, not as much of the transmitted 
signal is transferred to the load as when the load 
is connected directly to the generator. (I am as- 
suming here that no impedance matching function 
is being performed.) The attenuation that results 
is called insertion loss and it is a very important 
characteristic of resonant circuits. It is usually ex- 
pressed in decibels (dB). 

6. Ripple — Ripple is a measure of the flatness of the 
passband of a resonant circuit and it is also ex- 
pressed in decibels. Physically, it is measured in the 
response characteristics as the difference between 
the maximum attenuation in the passband and the 
minimum attenuation in the passband. In Chapter 
3, we will actually design filters for a specific pass- 
band ripple. 

RESONANCE (LOSSLESS COMPONENTS) 

In Chapter 1, the concept of resonance was briefly 

mentioned when we studied the parasitics associated 

with individual component elements. We will now ex- 
amine the subject of resonance in detail. We will 



determine what causes resonance to occur and how 
we can use it to our best advantage. 

The voltage division rule (illustrated in Fig. 2-4) 
states that whenever a shunt element of impedance 
Z p is placed across the output of a generator with an 
internal resistance R s , the maximum output voltage 
available from this circuit is 

V " l = ICT^ (Vl - ) (Eq. 2-2) 

Thus, V 0 ut will always be less than V in . If Z p is a fre- 
quency-dependent impedance, such as a capacitive or 
inductive reactance, then V„„ t will also be frequency 
dependent and the ratio of V ont to V lm which is the 
gain ( or, in this case, loss ) of the circuit, will also be 
frequency dependent. Let’s take, for example, a 25-pF 
capacitor as the shunt element (Fig. 2-5A) and plot the 
function of Vnnt/V ln in dB versus frequency, where we 
have: 



^ = 201og 1 o W ^ r (Eq. 2-3) 

Vln R» + A. c 

where, 

= the loss in dB, 

Vin 

R„ = the source resistance, 

X r = the reactance of the capacitor. 




v 



out 




To High 
Impedance 
Load 

= 

' R s + Z P 



(VJ 



Fig. 2-4. Voltage division rule. 
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(A) Simple circuit. 




( B ) Response curve. 

Fig. 2-5. Frequency response of a simple 
RC low-pass filter. 
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and, where, 



The plot of this equation is shown in the graph of 
Fig. 2-5B. Notice that the loss of this circuit increases 
as the frequency increases; thus, we have formed a 
simple low-pass filter. Notice, also, that the attenuation 
slope eventually settles down to the rate of 6 dB 
for every octave (doubling) increase in frequency. 
This is due to the single reactive element in the circuit. 
As we will see later, this attenuation slope will in- 
crease an additional 6 dB for each significant reactive 
element that we insert into the circuit. 

If we now delete the capacitor from the circuit and 
insert a 0.05 -/liH inductor in its place, we obtain the 
circuit of Fig. 2-6A and the plot of Fig. 2-6B, where 
we are plotting: 

^ = 20, ^”KTS (e<!Z - 4) 

where, 

= the loss in dB, 

'in 

R„ = the source resistance, 

Xj, = the reactance of the coil. 

and, where, 

X|, = jcaL. 

Here, we have formed a simple high-pass filter with a 
final attenuation slope of 6 dB per octave. 

Thus, through simple calculations involving the 
basic voltage division formula (Equation 2-2), we 
were able to plot the frequency response of two sep- 
arate and opposite reactive components. But what 
happens if we place both the inductor and capacitor 
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( A) Simple circuit. 




( B ) Rcspon.se curve. 

Fig. 2-6. Simple high-pass filter. 
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Fig. 2-7. Resonant circuit with two reactive components. 




Fig. 2-8. Frequency response of an LC resonant circuit. 



across the generator simultaneously? Actually, this 
case is no more difficult to analyze than the previous 
two circuits. In fact, at any frequency, we can simply 
apply the basic voltage division rule as before. The 
only difference here is that we now have two reactive 
components to deal with instead of one and these com- 
ponents are in parallel (Fig. 2-7). If we make the cal- 
culation for all frequencies of interest, we will obtain 
the plot shown in Fig. 2-8. The mathematics behind 
this calculation are as follows : 



Vo„t = 



Xtotai 

R„ + X t , 



-(V ln ) 



where, 

v _ XcX L 

t0,al ~ X c + X L ' 

and, where. 



Therefore, we have: 



Xc = j^C’ 
Xl = jwL. 



Xtotal 



jcuC 



(jtoL) 



jtdC 



+ jwL 

L 

C 



j^c + jwL 



(Eq.2-5) 




